To discuss the normal mechanism of wound healing (WH), the role of growth factors (GF) in preclinical and clinical studies and its importance in the healing of abnormal wound therapy. For search, we used the PUBMED and LILACS database, and the following descriptors: skin, wound healing, growth factor and clinical trials. We also prioritized the analysis of the Clinical Trials in the previous 10 years. Although there are many studies being conducted in the pre-clinical phase, we see that there are few studies in the clinical phase. 274 studies were identified, and 58 were selected. After tissue injury, repair occurs through coordinated biological actions that are healing. The importance of the study of healing in the skin is not only because of its anatomical location, easy access and exposure, but also because of its vital function. There is accumulating evidence that the process of healing after injury may be mediated by several GF. However, may this class of molecules even act effectively on the clinical response of this pathological condition? Many preclinical studies (in vitro and in vivo) reinforce the importance and efficacy of GF in the regeneration of damaged skin. Furthermore, recent studies have reported the use in adjuvant or not, of GF in clinical treatment to improve WH in humans. Therefore, we conclude that it seems to be effective by the use of GF in adjuvant or not in WH. However, it still seems to be necessary to carry out more clinical trials in phase I and II.
Introduction
The ability to restore normality and continuity of the injured skin is species-specific. Scars and abnormalities * Corresponding author. associated with a poor skin restoration not only prevent normal function of the organ, but also represent major challenges in clinical management. The damage to the protective layer can be devastating for both the patient and for society that attends. In 2004, almost 11 million cases of burns [1] and 7 million chronic skin ulcers caused by high blood pressure, or venous insufficiency and diabetes mellitus each year in the US alone are affected by abnormal healing. This translates in costs that have been estimated at $25 billion annually in the United States, in an attempt to reduce severe disability and death resulting from such severe skin lesions [2] . The cascade of normal wound healing consists of three phases and their components (growth factors, cytokines and inflammatory cells) appear to play a role in the regeneration of abnormal lesions [3] .
Here, we will give special attention to one of these components, growth factors. We begin with a description of each phase of the healing process, and then present (in vitro and in vivo) preclinical studies that have demonstrated the importance of these factors in wound healing. And, finally, we present the research being conducted in the clinical phase that attests to the efficacy of growth factors in the regeneration of skin wounds in humans.
Methods
Scientific papers were studied regarding our model and methodological approach for the period from January 2004 up until August 2014. The research was performed using PubMed database. The main keywords used were "growth factors, wound healing and skin". This was done in accordance with the DeCS/MeSH version and by also crossing information using the keyword "and". By applying such norms and procedures, 274 papers were identified. But to create this paper we have used 58, because many articles were related with the healing of other tissues than the skin. The research was organized according to the methodology of how is the stages of healing and after the application in preclinical and in clinical phases experiments. Moreover, we have prioritized works related to the skin and literature reviews.
Results

Wound Healing
Normal wound healing is a dynamic series of events involving the coordinated blood cells, proteins, growth factors and proteases components of the extracellular matrix interaction. The process of wound healing can be divided into: 1) the inflammatory phase; 2) proliferation phase; and 3) maturation phase [3] .
Inflammatory Phase
The inflammatory phase is the first of wound healing and is characterized by the hemostasis and by the inflammation. Hemostasis is initiated during exposure of collagen during the formation of the wound, which activates the cascade of intrinsic and extrinsic coagulation. Moreover, tissue damage causes the release of thromboxane A2 and prostaglandin 2-alpha to the wound bed causing a potent vasoconstrictor response. Therefore, the leakage of blood constituents provides for the formation of the blood clot enhancing the initial hemostatic response. This helps limit the bleeding and provides an initial extracellular matrix for cell migration [3] .
Platelets are known for their role in homeostasis where they help prevent blood loss at sites of vascular injury. To do this, they adhere, aggregate and form a procoagulant surface leading to thrombin generation and fibrin formation. Platelets also release substances that promote tissue repair and influence the reactivity of vascular and other blood cells in angiogenesis and inflammation. They contain storage pools of growth factors including PDGF, TGF-beta and VEGF [4] .
After hemostasis is achieved capillary, vasodilation results in secondary release to local histamine by local activation of the complement cascade leak. The increased blood flow and vascular permeability changes allow the migration of inflammatory cells into the wound bed. The presence of foreign bodies further stimulates activation of the alternative pathway of complement. The activation of the complement cascade activates C3 results in cleavage of non-enzymatic protein and interactions that eventually stimulate inflammatory cells and lysis of bacteria [3] .
After complement activation and recruitment of platelets, neutrophils migrate to the wound. This cell is responsible for waste disposal by complement mediated by lysis of foreign organisms, the bacterial opsonization and destruction through mechanisms of oxidative stress (i.e., the formation of superoxide and hydrogen peroxide). Neutrophils kill bacteria and decontaminate the wound of foreign debris. These wastes are then extruded with the scar or phagocyted by macrophages. Macrophages are important phagocytic cells that play a key role in wound healing [5] . Besides direct phagocytosis of bacteria and foreign material, numerous macrophages secrete enzymes and cytokines, collagenases that debride wounds; interleukins and tumor necrosis factor (TNF) that stimulate fibroblasts and promote angiogenesis, and TGF-beta1, FGF-7, FGF-2 and AGF that were chemotactic to keratinocytes [6] . Macrophages also secrete PDGF and vascular endothelial growth factor (VEGF), which initiate the formation of inflammation granulation tissue, Reepithelialization Matrix formation and remodeling [7] .
Proliferation Phase
The proliferative phase is marked by epithelialization, by angiogenesis, by the formation of granulation tissue, and by the collagen deposition. The epithelialization occurs within hours after injury in the repair of wounds. With the intact basement membrane, epithelial cells migrate above the normal range as in a skin burn first degree by which epithelial progenitor cells remain intact below the wound, and the normal layers in the epidermis are restored in 2 -3 days. If the basement membrane has been damaged, as in deep burn, then the normal epidermal cells of skin appendages (e.g., hair follicles, sweat glands) and of periphery of the wound reepithelize [3] .
Neovascularization is required for providing nutrients to the wound and help maintain the granulation tissue bed. Angiogenesis has been attributed to various molecules, including fibroblast growth factor (FGF), VEGF, TGF-beta, angiogenin, the angiotropina, the angiopoietin-1 to tumor necrosis factor alpha (TNF-alfa) and thrombospondin [8] [9] . In different clinical conditions such as diabetes and vascular disease, this supply critical of nutrient through capillaries is insufficient to maintain tissue deposition in the granulation step, therefore, in a chronically unhealed wound.
The proliferative phase ends with granulation tissue formation. This new stroma begins to invade the wound space close to four days after injury. The new blood vessels at this time have provided a facilitated entry point into the wound to cells such as macrophages and fibroblasts [3] .
Macrophages still provide more growth factors that stimulate angiogenesis and fibroplasia. The secreted PDGF [7] and TGF-beta [10] [11] along with extracellular matrix molecules stimulate the differentiation of fibroblasts to produce ground substance and then collagen. Fibroblasts are the major players of the synthesis, deposition, and remodeling of the extracellular matrix providing strength and substance to the wound.
Maturation Phase
The third and final phase of wound healing is the maturation phase. This transition is characterized by granulation to form scar tissue. This phase ends two weeks after the injury. The wound undergoes contraction, resulting in a smaller amount of apparent scar tissue. The deposition of collagen by fibroblasts continues for a long period with a large increase occurring after three weeks after tissue injury [3] .
The entire process is a dynamic continuum dictated by numerous factors and growth of cells with an overlap of each of the three phases of wound healing to provide a continuous remodeling [12] .
Growth Factors and Their Implication in Wound Healing: Pre-Clinical Trials
In the previous section, we describe the normal wound healing, in that these growth factors influence many processes including proliferation and migration of various types of cells, chemotaxis of inflammatory cells and fibroblasts. The coagulation cascade is the first mechanism activated in the wound-healing process, and activated platelets release pro-fibrotic factors like PDGF and TGF-beta 1 [13] .
The sequential and orderly progression through the stages of wound healing requires a number of different cell, humoral factors and other agents to interact so that wound closure occurs properly and on time. Keloids and hypertrophic scars are suboptimal consequences of skin wound healing, and are believed to be unique to human skin. These two clinical entities belong to a spectrum of fibro proliferative disorders, and are difficult to differentiate histologically in the absence of relevant clinical details [14] . Below we report some active growth factors in wound healing in pathological situations that were evaluated in pre-clinical research process.
PDGF is a key mediator in wound healing, and its importance is highlighted by being the first recombinant growth factor approved for topical application to accelerate wound closure [15] [16] . At baseline levels, platelets function as a natural reservoir for growth factors including platelet-derived growth factor (PDGF), epidermal growth factor (EGF), transforming growth factor-beta 1 (TGF-beta 1), vascular endothelial growth factor (VEGF), basic fibroblast growth factor (FGF), hepatocyte growth factor (HGF), and insulin-like growth factor (IGF-I), to name a few [17] [18] . Such growth factors are released from the alpha granules of activated platelets and are involved in important cellular processes including mitogenesis, chemotaxis, differentiation, and metabolism [18] .
FGF is a diverse family of mitogens that affect a large number of cell types, with important implications for wound healing [16] [19] . In wounds, the expression of FGF detected by immunohistochemical methods is greater in the center of the wound with progressive decline in intensity toward the periphery and almost none found in uninjured skin [20] . The acid fibroblast growth factor (aFGF) and basic (bFGF) have been identified in wound fluid, especially in the early stages of healing [16] . In human amniotic fluids, cytokines such as PDGF and bFGF seem to stimulate the cutaneous fibroblast proliferation [21] . The role of bFGF in wound healing has been demonstrated in vitro and in vivo through their actions in the activation of local macrophages, increasing the production of extracellular matrix components, proliferation and differentiation of neuroectodermal and mesodermal derivatives, fibroblast proliferation, proliferation and migration of endothelial cells for angiogenesis and reepitelialização [22] .
The most extensive experience with clinical trials of growth factor in the healing wound therapy has been with bFGF [16] . The CFGF similar to bFGF in their biological properties also influence the proliferation of fibroblasts and endothelial cells, promoting wound healing and angiogenesis [23] . The keratinocyte growth factor 1 (KGF-1), another member of the FGF family, promotes epithelialization through its effects on the proliferation and differentiation of epithelial cells, while inhibiting apoptosis [24] . The keratinocyte growth factor 2 (KGF-2) similarly affects reepithelialization but also stimulates the formation of granulation tissue and collagen deposition in wound healing [16] .
KGF stimulated wound closure in cultured monolayers primarily by increasing cell spreading and migration at the wound edge, and increased cellular adhesion in an EGFR activation-dependent manner [25] . Using a tracheal transplant model in mice, Gomperts and colleagues [26] showed that KGF accelerated the repair of injured tracheal epithelium.
The EGFs comprise another family of mitogens that appears to be present in the wound fluid and has significant effects on healing [19] [27]- [29] . EGF is mitogenic for epithelial, mesothelial, and endothelial cells and has been shown to accelerate re-epithelialization, increase proliferation and tensile strength of healed dermis, and improve overall wound healing [27] [28] . As for healing burns, however, there is conflicting evidence on the presence of EGF in wound fluid [16] [19] . Two other members of the EGF family, epidermal growth factor binding heparin (HB-EGF) and TGF-alfa have been found in significant levels in burn wound fluid [19] . Evidence for the role of HB-EGF and TGF-alfa in wound healing is seen through its effects on the stimulation of keratinocyte proliferation and to accelerate the reepithelialization [30] . HB -EGF is also a mitogen for fibroblasts and acts on the stimulation of the formation of granulation tissue [19] .
The vascular endothelial growth factors (VEGF) comprise a family of cytokine growth factors identified as important mediators of angiogenesis, lymphangiogenesis and vascular permeability [31] . Recent evidence suggests that proangiogenic effects of VEGF may be mediated through stimulation of the synthesis of hydrogen sulfide from endothelial cells, promoting their proliferation, migration and permeability [32] . There are also data to support the role of VEGF in stimulating epithelialization and collagen deposition [32] .
It has been theorized that reductions in VEGF lead to down regulation of nephrin expression, subsequently resulting in podocyte injury and proteinuria [33] . Several studies have demonstrated the benefits of exogenous VEGF therapy in the acceleration and improving healing by topical application of amplified expression and gene transfer of growth factor in adenoviral vector [34] - [36] .
Conversely, the neutralizing antibody to VEGF significantly reduces a buildup of fluid in the wound, the formation of granulation tissue and angiogenesis [31] . Two other members of the VEGF, VEGF-C and VEGF-D, family are involved in the regulation of angiogenesis but not linfoangiogenesis [19] . Although VEGF seems to be beneficial in promoting wound healing for burns, a caveat to this evidence suggests that increased serum VEGF is responsible for edema, and the complications associated with swelling after injury by burning [31] .
The insulin-like factors I and II (IGF-I and IGF-II) growth are well described as anti-catabolic and pro-anabolic agents that act in a multitude of cell types systematically [19] . IGF-I is in fluid burn wounds as part of the normal response to injury and the expression of IGF-I and IGF-II have been shown to be significantly over-regulated in the wound healed epidermal cells that normally express minor amounts the protein product [19] .
It has been demonstrated that nerve growth factor (NGF) affecting various aspects of wound healing [19] .
Given the variety of neurogenic involvement and in wound healing mediated processes, the growth of cutaneous nerve and the restoration of normal innervation, regulated by NGF is essential for the normal healing process [37] . Sensory nerves are responsible for the release of substance P, a neuropeptide associated with stimulation of epithelial cell proliferation and migration and acceleration of wound healing in a murine model when applied topically [37] . NGF also appears to activate cell proliferation and inhibit apoptosis in keratinocytes and endothelial cells and promote the migration of fibroblasts [38] . The TGF-beta family consists of many members, with a great diversity in their actions [39] . Of particular interest to the healing of wounds, TGF-beta 1, TGF-beta 2 and TGF-beta 3 isoforms share a number of functions such as the stimulation of proliferation and production of fibroblasts, extracellular matrix components and cell adhesion molecules, whereas inhibits keratinocyte and most other cell types [16] .
Accordingly, mice deficient in TGF-beta 1 seems to have poor wound healing with impaired formation of granulation, the production of extracellular matrix tissue and re-epithelialization [39] . Interestingly, another study found that deficiency of TGF-beta 1 was associated with delayed healing of wounds only TGF-beta 2 and TGF-beta 3 were not expressed [40] . However, the recent evidence suggesting that TGF-beta 1 and TGF-beta 2 negatively influences the healing of wounds through the delay epithelialization and increased scarring and contraction [41] . TGF-beta also serves as an anti-inflammatory agent, or any state of increased persistent inflammation such as infection and prolonged healing which can lead to overexpression of TGF-beta and subsequent formation of keloid or hypertrophic scarring [38] . By contrast, fetal wounds that are less prone skin scarring are associated with low levels of TGF-beta 1 and TGF-beta 2 [19] [42] [43] .
Intradermal injection of neutralizing antibodies to TGF-beta 1 alone or TGF-beta 1 and TGF-beta 2 has been associated with reduced scar formation and wound contraction [44] . The use of a synthetic TGF-beta applied topically peptagonista showed acceleration of re-epithelialization, improves wound healing in general and decreased scarring and contracture of excisional and burn on rabbits excisional wound model in pigs [45] .
Contrary to the adverse effects of TGF-beta 1 and TGF-beta 2, TGF-beta 3 appears to be beneficial in the improvement of wound healing [43] . Expression of TGF-beta 3 is elevated in fetal wounds compared with adult wounds, which are more prone to scarring [42] . Experimental models of disability and deletion of TGF-beta 3 showed delayed wound healing and increased scarring [43] [46] . Moreover, the therapeutic use of recombinant human TGF-beta 3 (avotermin, Juvista, Branch Group, Manchester, UK) showed accelerated wound healing and improvement in the appearance of cutaneous scar after surgery [43] .
The macrophage colony-stimulating factor and granulocyte (GM-CSF) is a multipotential cytokine with many diverse functions [47] [48] . In the context of the burn, the benefit of GM-CSF is two times higher. It has positive effects on enhancing wound healing and acts also promoting and restoring a compromised immune response [48] . The hyper-regulation and production of this cytokine in keratinocytes, fibroblasts, endothelial cells, macrophages and dendritic cells occurs after tissue injury as part of the process of wound healing [16] .
Clinical Efficacy of Growth Factors in Skin Wound Healing
As we saw earlier, some growth factors has shown efficacy in cutaneous wound healing by basic research in vitro or in animal models, but clinical efficacy has yet to be more consistent data to be proven. Now our focus will be clinical trials conducted during the last ten years, in which we found that especially in skin ulcers, diabetic foot, deep burns and surgical wounds, in which the growth factors that are most active in improving the growth factors fibroblast, transforming beta, epidermal, vascular endothelial and platelet derived (FGF, TGF-beta, EGF, VEGF and PDGF).
Some of these studies have evaluated both the safety and the efficacy of the topical use of growth factor. YAO AND COLLEAGUES in 2006 studied recombinant basic fibroblast growth factor (rbFGF/ACS; recombinant basic fibroblast growth factor loaded on a kind of absorbable collagen sponge) that was added to a kind of absorbable collagen sponge in patients with chronic traumatic ulcers. This double-blind controlled study included 58 patients. Patients were randomized into two groups. After debridement, the wounds were covered with sponge containing the growth factor or connected with sterile gauze in control group. The sponge containing the growth factor significantly increased the incidence of complete wound closure, shortened the healing time and improved the quality of healing of chronic traumatic ulcers, then showing the efficacy of this growth factor in chronic wounds [49] .
The effectiveness of topical treatment of the recombinant human acid fibroblast growth factors (rh-aFGF) was also evaluated in deep burn. To investigate its effectiveness in deep partial thickness burn or donor site skin graft a multicentre, double-blind, randomized, placebo-controlled study to assess the rate trial and healing time was drawn after applying rh-aFGF. Laboratory tests and abnormal signs were used to assess the toxic effects. The results showed that the rate of wound healing of burns and donor sites for skin grafts treated by FGF-RH was significantly higher than the placebo effect, and time to healing wounds of burns and donor sites for skin grafts the group of rh-aFGF was significantly shorter than in the placebo group. We conclude that topical administration of rh-aFGF can speed up the process of wound healing and shorten healing time. Therefore, it is a potential therapeutic application to promote the healing of deep partial thickness burns or donor sites for skin grafts [23] .
Another study in 2008 evaluated the safety/tolerability of the recombinant human vascular endothelial growth factor (rh-VEGF; named telbermin) applied topically for chronic neuropathic foot ulcers diabetic. Topical application of 72 cm 2 telbermin three times per week for up to six weeks appeared to be well tolerated. However, more studies are needed to more fully characterize the safety/efficacy of telbermin [50] .
TGF-beta 3 (avotermin) was investigated as a possible potential anti-scarring therapy. The study was doubleblind, placebo-controlled, with intradermal injections avotermin. The results showed that avotermin has the potential to provide a rapid and permanent improvement in scarring [51] .
Another study was conducted to evaluate the efficacy and safety of recombinant human epidermal growth factor (rh-EGF) on the healing of diabetic foot ulcers in patients. A total of 28 patients with foot ulcers were recruited for the pilot study. The treatment with this growth factor has positive effects on the healing of foot ulcers of moderate to severe condition and has been proven safe for diabetic patients. The drug had high tolerability and compliance [52] .
It has been shown that bFGF promoted wound healing. Clinical efficacy and dose-response of bFGF in diabetic ulcer, a kind of refractory skin ulcers was evaluated. This was designed as a double-blind placebo-controlled randomized, dose-response. The results of this study showed effects of bFGF in accelerating wound healing in diabetic ulcers [53] .
The cutaneous scar is associated with psychosocial distress and has a negative effect on the quality of life. The TGF-beta, the family of cytokines plays a key role in scar formation. TGF-beta 3 improves scar appearance in a range of mammalian species. This study was conducted to evaluate the efficacy of intradermal avotermin (TGF-beta 3) for improving the appearance of scarring after surgery to correct this condition. The primary data of the combined surgical avotermin groups showed significantly improved the appearance of scarring compared to placebo. The profilometry demonstrated a greater reduction in surface area from baseline to avotermin treatment compared with placebo scars. The administration of avotermin presented well tolerated and significantly improve the appearance of scarring compared to placebo [54] .
A prospective, randomized, and phase II study was also investigated the avotermin as a reductor of scarring in the skin resulting in acute wound incisions. The results confirmed that avotermin, a compound of the growth factor, is the first of a new class of medicines that reduce the regenerative healing when administered once or twice in the next acute skin incisions [55] .
The scar is a big problem of skin lesion. In addition, in another clinical study TGF-beta 3 (avotermin) also improved the appearance of the scar. This study aimed to determine whether the injection of avotermin at the time of wound closure is effective in improving the appearance of the scar. This was a double blind, randomized, patient, placebo-controlled study investigating the efficacy and safety of four doses of avotermin given at once. Avotermin 500 ng/100 ul per linear cm wound margin in the given time is well tolerated and significantly improves scar appearance [56] .
Pediatric burns present unique challenges. Second-degree burns may increase in size and depth, raised concerns about the healing and long-term healing. The results of a clinical study in adults with burn wounds from high school suggest that the application of bFGF can reduce the healing time and result in a more cosmetically acceptable scar. The effect of fibroblast growth factor has been reported in pediatric patients with burn wounds of deep second degree. The results showed that both the short and long-term results of this treatment in pediatric burn patients are encouraging and warrant further research [57] . BFGF has been clinically tested in burn injuries or surgery. The results showed improvement in all parameters in the scar [22] .
Dressings of the biomaterial silk protein containing EGF were studied with a skin wound model in rats. All silk biomaterials were effective for wound healing. This systematic approach to assessing biomaterial dressings Functionalized silk demonstrates a useful strategy to select formulations for further study for new treatment options for chronic wounds [58] .
Conclusions
With a better understanding of the phases of wound healing and action of growth factors in normal tissue without injury, new therapeutic modalities are being investigated for the treatment of problem wounds. Therefore, it is vital to realize that a number of growth factors and cytokines and inflammatory cells [13] govern the inflammation and wound healing.
Currently wound healing has many limitations, and this observation leads us to think further research to elaborate the development of safe, effective and economical way of therapies and treatments that improve the healing of wounds associated with various diseases in the population. Effective therapy would ideally reduce the bacterial load, establish control of severe inflammation, and concomitantly increase the tensile strength of the wound.
Therefore, it justifies the use of some growth factors, such as bFGF, TGF-beta 3, EGF and VEGF demonstrated here as effective in improving wound healing. However, many other growth factors (PDGF, TNF, KGF, IGF-I, IGF-II and NGF) seem to have been first proven in preclinical research and its clinical efficacy has yet to be validated in humans.
Therefore, we conclude that there is still a need for more clinical trials phase I and II in humans to better understand the role of other growth factors mentioned above, which have proven effective in preclinical trials, the improved healing of problematic wounds.
